The oxytocin receptor has been implicated in the regulation of reproductive physiology as well as social and emotional behaviors. The neurochemical mechanisms by which oxytocin receptor modulates social and emotional behavior remains elusive, in part because of a lack of sensitive and selective antibodies for cellular localization. To more precisely characterize oxytocin receptor-expressing neurons within the brain, we generated an oxytocin receptor-reporter mouse in which part of the oxytocin receptor gene was replaced with Venus cDNA (a variant of yellow fluorescent protein). Examination of the Venus expression revealed that, in the raphe nuclei, about one-half of tryptophan hydroxylase-immunoreactive neurons were positive for Venus, suggesting a potential role for oxytocin in the modulation of serotonin release. Oxytocin infusion facilitated serotonin release within the median raphe nucleus and reduced anxiety-related behavior. Infusion of a 5-HT 2A/2C receptor antagonist blocked the anxiolytic effect of oxytocin, suggesting that oxytocin receptor activation in serotonergic neurons mediates the anxiolytic effects of oxytocin. This is the first demonstration that oxytocin may regulate serotonin release and exert anxiolytic effects via direct activation of oxytocin receptor expressed in serotonergic neurons of the raphe nuclei. These results also have important implications for psychiatric disorders such as autism and depression in which both the oxytocin and serotonin systems have been implicated.
Introduction
Oxytocin (OXT) is a nonapeptide hormone that is produced primarily in the paraventricular nucleus (PVN) and supraoptic nucleus (SON) of the hypothalamus (Zimmerman et al., 1984; Gimpl and Fahrenholz, 2001) . The magnocellular OXT neurons in these nuclei project to the neurohypophysis, where OXT is released into the systemic circulation. Central OXT is released from the parvocellular OXT neurons in the PVN and from the somatodendrites of magnocellular OXT neurons of the PVN and SON (Ludwig, 1998; Bergquist and Ludwig, 2008) .
OXT acts on the oxytocin receptor (OXTR). In the brain, the OXTR is abundantly present in several brain regions (i.e., some cortical areas, the olfactory system, the basal ganglia, the limbic system, the thalamus, the hypothalamus, the brainstem, and the spinal cord) (Yoshimura et al., 1993; Vaccari et al., 1998; Gimpl and Fahrenholz, 2001) , suggesting that the OXTR in the CNS has a wide variety of effects. In addition to its classical functions (i.e., induction of labor and milk ejection), OXT plays an important role in regulating social behaviors, anxiety-related behaviors, food intake, stress-related responses, and pain control (Ferguson et al., 2000; Gimpl and Fahrenholz, 2001; Takayanagi et al., 2005; Waldherr and Neumann, 2007) .
We recently reported that OXTR-deficient (Oxtr Ϫ/Ϫ ) mice show pervasive social deficits. Oxtr Ϫ/Ϫ mice display defects in maternal nurturing, and Oxtr Ϫ/Ϫ infants emit fewer ultrasonic vocalizations than wild-type littermates in response to maternal separation. Adult Oxtr Ϫ/Ϫ males show a deficit in social discrimination and an increase in aggressive behavior (Takayanagi et al., 2005) . OXT has also been shown to mediate mating-induced anxiolysis in male rat (Waldherr and Neumann, 2007) . However, the cellular mechanisms by which the OX-T-OXTR system modulates social and emotional behavior remain unknown.
In situ hybridization using radiolabeled components or ligand binding assay have demonstrated that the OXTR is distributed throughout the brain (Elands et al., 1988; Insel et al., 1993; Yoshimura et al., 1993; Vaccari et al., 1998) . However, these techniques have not been useful for characterizing OXTR-expressing neurons at the cellular level. Furthermore, it has been difficult to clarify the cellular localization because of a lack of sensitive and selective antibodies for the OXTR. To precisely identify, and characterize OXTRexpressing cells in the brain, we generated a knock-in mouse strain expressing an enhanced variant of yellow fluorescent protein (Venus) under the control of the endogenous regulatory region of gene encoding the OXTR (Oxtr). We found that a considerable number of serotonergic neurons in the raphe nuclei express the Venus protein, and thus presumably also express OXTR. Additional experiments suggest that these receptors may mediate the anxiolytic effects of oxytocin by stimulating serotonin release.
Materials and Methods

Generation of OXTR-Venus knock-in mice and
genotyping. To construct the targeting vector, mouse 129/Sv strain-derived genomic clones (Kubota et al., 1996) were used. The OXTRVenus knock-in vector was designed to replace part of exon 3 with Venus-poly(A) cassette with Kozak consensus sequence and bovine growth hormone poly(A) signal, and insert a phosphoglycerate kinase promoter-neomycin resistance cassette (PGK-Neo), which was surrounded by two loxP sites, into intron 3. Venus is a variant of yellow fluorescent protein that fluoresces more efficiently than green fluorescent protein (GFP) (Nagai et al., 2002) . Venus-poly(A) was inserted between ApaI and AatII sites located within exon 3; the ApaI site is positioned 62 bp downstream from the 5Ј-terminal of exon 3, and the AatII site is positioned 21 bp upstream from the 3Ј-terminal of exon 3. A 6.3 kb XhoI-BamHI fragment was used as the 5Ј homology region and a 2.8 kb SphI-SphI fragment was used as the 3Ј homology region. An MC1 promoter-herpes simplex virus-thymidine kinase cassette (MC1-TK) was used for negative selection. We linearized this construct with SalI and electroporated it into E14TG2a embryonic stem (ES) cells. G418 and FIAU (Moravek Biochemicals) doubly resistant clones were screened by Southern blot analysis. We generated chimeric mice by microinjection of heterozygous ES clones into C57BL/6J blastocysts. We mated chimeric males to C57BL/6J female mice. Offspring from intercrosses of heterozygous (Oxtr Venus-Neo/ϩ ) littermates were genotyped by Southern blot analysis. We also mated chimeric males to CAG-cre transgenic female mice (Sakai and Miyazaki, 1997) to recombine the loxP sites and yield mice with the PGK-Neo deleted allele (Oxtr Venus ⌬ Neo/ϩ ). The care and use of mice in this study were approved by the Institutional Animal Care and Use Committee of Tohoku University and Jichi Medical University.
Maintenance of mice. In addition to the Oxtr Venus-Neo/ϩ and Oxtr Venus ⌬ Neo/ϩ mice generated in the present study, we also used Oxtr Ϫ/Ϫ mice generated previously (Takayanagi et al., 2005) . Oxtr
Venus ⌬ Neo/ϩ , and Oxtr Ϫ/Ϫ mice were maintained on a mixed 129 ϫ C57BL/6J genetic background.
Southern blot analysis. For Southern blot analysis, 3 g of genomic DNA extracted from the tail was digested with XbaI and loaded on 1% agarose gels. DNA sample was subjected to electrophoresis and transferred to Byodyne B nylon membranes (Pall). The membranes were hybridized to 32 P-labeled probes. Probes for Southern blots were obtained by digestion with restriction enzyme, and labeled with Megaprime DNA labeling systems (GE Healthcare) with [ 32 P]dCTP. Reverse transcription-PCR analysis. Total RNA from tissues was isolated with TRIzol reagent (Invitrogen). cDNA was synthesized from DNase I-treated total RNA with Superscript II reverse transcriptase (Invitrogen) and subjected to PCR for Oxtr (GenBank accession no. D86599), Venus and acidic ribosomal phosphoprotein P0 (Arbp) (GenBank accession no. NM_007475) as control to ensure the presence of mRNA. Primers used are as follows: Oxtr, forward (5Ј-ACGGGT-CAGTAGTGTCAAGC-3Ј) and reverse (5Ј-TAATGCTCGTCTCTC-CAGGC-3Ј); Venus, forward (5Ј-CTGACCCTGAAGCTGATCT-3Ј) and reverse (5Ј-GGTAGCTCAGGTAGTGGTTG-3Ј); Arbp, forward (5Ј-TGTGTGTCTGCAGATCGGGTAC-3Ј) and reverse (5Ј-CTTTGGC-GGGATTAGTCGAAG-3Ј). PCR products were separated on 5% polyacrylamide gels.
Receptor autoradiography. For the radioligand receptor binding, tissues were isolated, flash-frozen, sectioned at 20 m, and slide-mounted.
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I-Labeled ornithine vasotosin (PerkinElmer Life and Analytical Sciences) was used for radioligand. Sections were processed for receptor autoradiography as described previously (Lim et al., 2004) . , moderately immunoreactive cells for OXTR were found in SON (A) and PVN (B). The panels show immunoreactivity for OXTR (left), for OXT (middle), and negative control (NC) (no primary antibody) (right). Scale bars: SON, 50 m; PVN, 10 m. opt, Optic chiasm.
Immunohistochemistry in Oxtr
ϩ/ϩ and Oxtr Ϫ/Ϫ mice. Immunohistochemistry for OXT and OXTR was performed on brain tissues of adult Oxtr ϩ/ϩ and Oxtr Ϫ/Ϫ mice exactly as described previously (Adan et al., 1995) . Briefly, mice were transcardially perfused with paraformaldehyde-lysine-periodate fixative (2% paraformaldehyde, 150 mM lysine, 10 mM periodate), followed by overnight postfixation at 4°C with the same fixative. Coronal sections of 30 m thickness through the hypothalamus were incubated with rabbit anti-OXTR polyclonal antibodies, JV3850 (generously provided by Dr. G. Hoffman, Morgan State University, Baltimore, MD; diluted 1:1000) or a rabbit anti-OXT antibody (ImmunoStar; diluted 1:100) for 1 h at room temperature, and then for 48 h at 4°C. The JV3850 anti-OXTR antibody has been shown previously to label cells within the paraventricular and/or the supraoptic nuclei of rats (Adan et al., 1995) . After rinsing 10 times with 0.05 M potassium PBS, sections were incubated with biotinylated anti-rabbit IgG (Vector Laboratories; diluted 1:600) for 1 h at room temperature. Sections were then rinsed eight times and placed in avidin-biotin complex solution (Vector Laboratories) for 1 h. Immunoreactivity was visualized with the nickel chloride-3,3Ј-diaminobenzidine (DAB) solution (DAB substrate kit; Vector Laboratories). No immunostaining was observed in the negative control in which the primary antibody was omitted. All images were captured using a Nikon Eclipse E800 Microscope coupled with a Spot RT Slider 2.3.1 digital camera (Diagnostic Instruments).
Immunohistochemistry using commercially available anti-OXTR antibodies (H-60, N-19, C-20; Santa Cruz Biotechnology; LS-A246, LS-A244; MBL) were performed on brain tissues of adult Oxtr ϩ/ϩ and Oxtr Ϫ/Ϫ mice following a protocol provided by the manufacturers (data not shown).
Venus fluorescent observation and immunohistochemistry using Oxtr
Venus⌬Neo/ϩ mice. The animals were deeply anesthetized with Avertin and perfused transcardially with heparinized saline (20 U/ml) followed by 4% paraformaldehyde in 0.1 M phosphate buffer for 10 min. The brains were removed and postfixed in the 4% paraformaldehyde solution containing 15% sucrose overnight. They were then transferred to a 30% sucrose solution in 0.1 M phosphate buffer overnight. The brains were frozen on dry ice and kept in Ϫ80°C until sectioning. Coronal sections (30 m) were cut using a freezing microtome and collected into 0.1 M phosphate buffer. The sections were then processed for Venus fluorescent observation and immunohistochemical examination.
The sections were incubated overnight at 4°C with one of the following antibodies: anti-GFP rabbit antibody (MBL; diluted 1:1000), anti-GABA rabbit antibody (Sigma-Aldrich; 1:8000), anti-tyrosine hydroxylase (TH) rabbit antibody (Millipore Bioscience Research Reagents; diluted 1: 7500), and then incubated with Alexa 488 (for anti-GFP) or Alexa 594 (for anti-GABA and anti-TH)-labeled goat anti-rabbit antibody (Invitrogen; diluted 1:500) at room temperature. For visible detection of Venus protein, the sections were incubated overnight at 4°C with anti-GFP, and then incubated a HISTFINE simple stain mouse MAX-PO (Nichirei) at room temperature. Venus immunoreactivity was visualized as a brown precipitate by using DAB procedure.
For double immunocytochemical detection of Venus and tryptophan hydroxylase (TrH), sections were incubated with a sheep antibody against TrH (Millipore Bioscience Research Reagents; diluted 1:3500) for XbaI-digested tail DNA was hybridized with the radiolabeled probes indicated in Figure 1 A. 5Ј and 3Ј probes external to the targeting vector and two internal probes were used to distinguish the wild-type (14.3 kb) and targeted alleles (10.6 kb for the 5Ј and Venus probes, and 4.8 kb for the 3Ј probe). 1 d at 4°C, and then incubated with Alexa 594-labeled goat anti-rabbit antibody (diluted 1:500) at room temperature. Next, these sections were labeled with anti-GFP.
For double immunocytochemical detection of Venus and glial glutamate transporter (GLAST), sections were incubated with a guinea pig antibody against GLAST (Millipore Bioscience Research Reagents; diluted 1:2000) for 1 d at 4°C and then incubated with Alexa 594-labeled goat anti-guinea pig antibody (diluted 1:500) at room temperature. Then, these sections were labeled with anti-GFP.
To investigate colocalization between GABA and Venus, or between TH and Venus, we examined GABA immunoreactivity plus Venus fluorescence or TH immunoreactivity plus Venus fluorescence. We compared Venus fluorescence and Venus immunoreactivity observed with Alexa 594 in sections of lateral septal nucleus (LS), dorsal raphe nucleus (DR), median raphe nucleus (MnR), and nucleus of the solitary tract (NTS), and found that Ͼ90% Venus-immunoreactive cells showed detectable Venus fluorescence (data not shown).
Fluorescence was observed with a laser-scanning confocal microscope FV1000 (Olympus). A three-dimensional image was constructed from serial tomograms following a protocol provided by the manufacturer.
Microdialysis. In the experiments with microdialysis, C57BL/6J (SLC) male mice were anesthetized with urethane (ethyl carbamate, 2.1 g/kg body weight, intraperitoneal injection), tracheotomized, and placed in a stereotaxic frame. A microdialysis probe (0.24 mm outer diameter, 1 mm length membrane; concentric design probe; CUP11; CMA/Microdialysis) was lowered into the MnR (coordinates, 4.72 mm caudal to the bregma; on the midline; 4.26 mm below the skull) after retracting the central sinus. Artificial CSF (138 mM NaCl, 5 mM KCl, 1.5 mM CaCl 2 , 1 mM MgCl 2 , 11 mM NaHCO 3 , 1 mM NaPO 4 , pH 7.2) was passed through the probe at 1.33 l per min using a syringe pump, and 15 min samples were collected from the outflow using a micro fraction-collector (EFC-82; Eicom) at 4°C, starting 90 min after insertion of the probe (Onaka et al., 1995) . OXT or the vehicle was applied through the microdialysis probe. To minimize oxidation of samples, 8 l of 0.23 M acetic acid was added to each sampling tube. The position of the probe was confirmed by histological examination. Concentrations of serotonin were measured by HPLC with electrochemical detection. A 20 l aliquot was applied to a C18 reverse-phase column (2.0 ϫ 200 mm; Eicopack CAX; Eicom) at 35°C. An electrochemical detector (ECD-300; Eicom) was set at a potential of 450 mV relative to an Ag ϩ -AgCl reference electrode. The mobile phase was 0.1 M ammonium acetate buffer, pH 6, containing 30% methanol, 0.0071% sodium sulfate, and 0.00005% ethylenediaminetetraacetic acid. The flow rate was 0.25 ml/min. The mean value of the basal contents of serotonin in the first three perfusate samples before OXT or vehicle application was set as 100% in each animal.
Measurements of heart rate and core body temperature. Heart rates were measured by electrocardiogram. Body temperature was measured with a rectal temperature probe (model BDT-100; BRC).
Intracerebroventricular injection. C57BL/6J (SLC) male mice were anesthetized with Avertin and positioned in a stereotaxic frame. A stainless-steel guide cannula was inserted into the brain with the tip in the right lateral cerebral ventricle, and secured to the skull with screws and dental cement. The cannula tip was located 0.4 mm caudal to the bregma, 1.0 mm lateral to the midline, and 2.3 mm below the skull. Over 1 week after the surgery, experiments were performed. The position was verified with cresyl violet injected through the cannula after experiments.
Open-field test. To assess anxiety-related behavior and spontaneous locomotor activity, mice were placed into a corner of an open-field apparatus (60 ϫ 60 ϫ 40 cm) (O'Hara & Co.). The chamber was illuminated (10 lux), under conditions previously validated to assess anxietyrelated behavior. Distance traveled and time spent in the center area was recorded over a 10 min period. Mice were injected intraperitoneally with ritanserin (5 mg/kg; injection volumes were 10 ml/kg) or vehicle 45 min before test and intracerebroventricularly with OXT (10 g/2 l) or vehicle 15 min before test.
Drug. Oxytocin (Peptide Institute) was dissolved in artificial CSF at a concentration of 5 mg/ml. Ritanserin (RBI), a 5-HT 2A/2C receptor selective antagonist was dissolved in DMSO at a concentration of 5 mg/ml and diluted with distilled water at a concentration of 500 g/ml. Acetic acid was added to the solution (2 l/10 ml).
Statistics. Data are expressed as mean Ϯ SEM. Data were analyzed using ANOVA or repeated-measures ANOVA, where appropriate, followed by Dunnett's t test or t test. Behavior data were analyzed using Mann-Whitney U test. A value of p Ͻ 0.05 was considered to be statistically significant.
Results
OXTR immunohistochemistry in Oxtr
؊/؊ and Oxtr ϩ/ϩ mice We first attempted to identify cells expressing OXTR in the mouse brain with immunohistochemistry by using several antibodies. Using identical procedures as were previously used to label OXTR immunoreactivity in the rat hypothalamus (Adan et al., 1994) , as well as five commercially available antibodies (H-60, N-19, C-20; Santa Cruz Biotechnology; LS-A246, LS-A244; MBL) (data not shown), we detected moderate staining in the hypothalamus (Fig. 1) , consistent with reported staining using different antibody in the female rat (Meddle et al., 2007) . However, similar staining was also detected in the same region of Oxtr Ϫ/Ϫ mice, suggesting that immunohistochemical staining using these anti- bodies is not a reliable technique for identifying OXTR-containing neurons in mice.
Generation of OXTR-Venus knock-in mice
OXTR-Venus knock-in mice were generated by replacing part of the gene encoding OXTR with the cDNA for Venus (Fig. 2 A) . We used the Cre/loxP system to produce OXTR-Venus knock-in mice with the PGK-Neo deleted (Oxtr Venus ⌬ Neo/ϩ ). Venus transcripts, fluorescence, and protein were detected in Oxtr Venus ⌬ Neo/ϩ mice (Fig. 2C,D) . The disruption of the Oxtr gene locus (Fig. 2 B) , the absence of Oxtr transcripts (Fig. 2C) , and the absence of OXTR binding (Fig. 2 F, G) in Oxtr Venus ⌬ Neo/Venus ⌬ Neo mice confirmed that the recombined allele was null. In addition, the pattern of OXTR-binding in the brain was mostly consistent with that of Venus immunoreactivity (Fig. 2 E, F ) .
Distribution of Venus immunoreactivity in the male brain
Venus-positive cells were observed in various regions throughout the Oxtr Venus ⌬ Neo/ϩ male brain (Table 1 ). The highest density of Venus-expressing cell bodies were observed in the granular cell layer of the olfactory bulb (GrO), LS, organum vasculosum of the lamina terminalis (OVLT), nucleus of the horizontal limb of the diagonal band, magnocellular preoptic nucleus, lateroanterior hypothalamic nucleus (LA), cortical amygdaloid nucleus (CoA), suprachiasmatic nucleus, ventromedial hypothalamic nucleus (VMH), arcuate hypothalamic nucleus (Arc), and prepositus nucleus (Table 1, Figs. 3, 4) .
Moderate to strong expression of Venus was observed in prefrontal cortex (PFC), piriform cortex (Pir), accumbens nucleus core (AccC), medial preoptic area (MPA), bed nucleus of the stria terminalis (BST), medial amygdaloid nucleus (MeA), central amygdaloid nucleus (CeA), CA2 and CA3 regions of the hippocampus, polymorphic layer of the dentate gyrus (PoDG), periaqueductal gray (PAG), DR, and MnR (Fig. 3) . OXTR binding was observed in these areas (Fig. 2 F, G) (data not shown), consistent with the previously reported data (Elands et al., 1988; Insel et al., 1993; Gimpl and Fahrenholz, 2001 ). We examined colocalization of Venus with GLAST, a marker of glial cells. Venus was observed in glial cells in the subfornical organ (SFO), OVLT, and molecular layer of the cerebellar cortex (CCmol) (Fig. 5) .
We then examined colocalization of Venus with GABA immunoreactivity in a subset of nuclei most likely to be involved in the regulation of social and emotional behavior (GrO, Gl, PFC, Pir, AccC, LS, MPA, BST, CoA, MeA, CeA, CA2 and CA3, PoDG, PAG, DR, and MnR). Venus was detected in GABAergic neurons in the LS, BST, and CoA, but very few in other areas (Fig. 6) .
Colocalization of Venus with monoamines
Monoamines such as dopamine, noradrenaline, and serotonin play important roles in the regulation of social and emotional behavior Miczek et al., 2002; Nelson and Trainor, 2007) . TH is the catecholamine synthetic enzyme and a maker molecule of dopaminergic, adrenergic, and noradrenergic cells. OXT has been reported to facilitate release of noradrenaline and dopamine within the brain (Lévy et al., 1995; Onaka et al., 2003; Melis et al., 2007) . We examined whether Venus-positive neurons express TH immunoreactivity in the glomerular layer of the olfactory bulb (Gl) (the A16 dopaminergic cell region) (Fig.  7A) , Arc (the A12 dopaminergic cell region) (Fig. 7B) , ventral tegmental area (VTA) (the A10 dopaminergic cell region) (Fig.  7C ), posterior and dorsal hypothalamic areas (the A11 dopaminergic cell region) (data not shown), PAG (the A11 and A10 dopaminergic cell region) (Fig. 7D) , substantia nigra (the A9 dopaminergic cell region) (data not shown), locus ceruleus (LC) (the A6 noradrenaline cell region) (Fig. 7E) , NTS (the A2/C2 noradrenaline/adrenergic cell regions) (Fig. 7F ) , and ventrolateral medulla (the A1/C1 noradrenaline/adrenergic cell regions) (data not shown). Colocalization with TH was observed only in the PAG (Fig. 7D) .
We also determined whether Venus-positive cells express TrH, a marker of serotonergic neurons (Fig. 8) . Throughout the entire DR and MnR Venus-positive cells were found and a considerable number of Venus-positive cells contained TrH immunoreactivity. A three-dimensional image constructed from serial tomographical images confirms that TrH-positive cells expressed Venus immunoreactivity (Fig. 8 B, D) .
In the DR, 25.6 Ϯ 8.0% of TrH-positive cells expressed Venus immunoreactivity and 32.0 Ϯ 3.7% of Venus-positive cells expressed TrH immunoreactivity. In the MnR, 49.0 Ϯ 5.3% of TrH-positive cells expressed Venus immunoreactivity and 43.9 Ϯ 5.8% of Venus-positive cells expressed TrH immunoreactivity. We also confirmed that OXTR binding was observed in the DR and MnR (Fig. 2G) . Colocalization of Venus with TrH is also observed from embryonic day 17.0 in the DR and MnR (Fig.   Figure 4 . The expression of Venus in the areas in which OXTR expression had not been described. Venus was detected by an immunocytochemical method with an anti-GFP antibody in LA (A), LH (B), ME (C), and AP (D). Scale bars: A, B, 100 m; C, D, 30 m. V, Ventricle. 9). All these data indicate that a considerable number of serotonergic neurons expressed OXTR and suggest that activation of OXTR regulates activity of serotonergic neurons from embryonic stage to adult.
OXT-induced release of serotonin in MnR
We examined the effects of local application of OXT on serotonin release in wild-type mice. OXT was applied locally within the MnR via a microdialysis probe. Serotonin release within the MnR was significantly facilitated during application of OXT but not the vehicle (Fig. 10 A) . After application of OXT, heart rates and body temperature were significantly increased compared with those before OXT perfusion (45 min) or those of the vehicleperfused control mice (Fig. 10 B) .
5-HT 2A/2C receptor antagonist prevents the anxiolytic effects of oxytocin
We then investigated anxiety-related behavior to assess the physiological functions of the OXT-serotonin pathway. Mice were injected with OXT (10 g, i.c.v.) and ritanserin (5 mg/kg, i.p.), a 5-HT 2A/2C receptor antagonist which crosses blood-brain barrier, and tested with an open-field test. Intracerebroventricular administration of OXT significantly increased time spent in the center field, suggesting that OXT has an anxiolytic action. The anxiolytic effect of OXT was blocked by coadministration of ritanserin, indicating that 5-HT 2A/2C receptor activation is necessary for anxiolytic effects of oxytocin (Fig. 11) .
Discussion
Receptor autoradiography and in situ hybridization have demonstrated that OXTR-expressing regions are distributed in specific regions of the brain (Elands et al., 1988; Insel et al., 1993; Yoshimura et al., 1993; Vaccari et al., 1998) . However, these techniques have not been useful for characterizing OXTR-expressing cells at the cellular level. Immunohistochemistry has previously been used to localize OXTR immunoreactivity in the rat brain (Adan et al., 1995; Meddle et al., 2007) . We attempted to use this technique to identify cells expressing OXTR in the mouse brain using several antibodies to OXTR. However, we found moderate staining in the hypothalamus even in the brain of Oxtr Ϫ/Ϫ mice, indicating that these antibodies used are not sensitive and selective enough for identifying cellular localization in mice. We therefore generated an OXTR reporter mouse strain by replacing part of the Oxtr gene with the cDNA for Venus. These knock-in mice enabled us to identify and neurochemically characterize the OXTR-expressing cells at a cellular level. The present study indicates that some OXTR-expressing cells contain GABA and monoamines. However, the most intriguing, and impressive colocalization results from this study were that of Venus in TrH-positive neurons in the raphe nuclei.
In the present study, the expression of Venus was observed in virtually all regions previously reported to express Oxtr mRNA by in situ hybridization (Yoshimura et al., 1993; Vaccari et al., 1998) . Previous studies shown that Oxtr mRNA localization are mostly consistent with OXTR binding sites (Yoshimura et al., 1993) . We also showed that distribution of Venus is consistent with that of OXTR binding (Fig. 2 E, F ) (data not shown) . From all these results, we speculate that OXTR is mainly expressed on the somata and/or dendrites.
We also found the expression of Venus in areas in which OXTR expression had not been described. These areas include MnR, OVLT, CCmol, LA, lateral hypothalamic area, median em- inence (ME), and area postrema (AP) (Figs. 3N, 4 , 5B, C). The OVLT, ME, AP, and SFO contain high density of blood vessels that lack the blood brain-barrier, and face to the cerebral ventricle. These regions can detect humoral signals in the circulating system (Johnson and Gross, 1993) . In the SFO and OVLT, Venus-positive cells expressed GLAST. Glial cells in the SFO have been shown to sense Na ϩ levels in the body fluid and modulate the neuronal activity (Shimizu et al., 2007) . It is tempting to speculate that OXTR-expressing glial cells in these areas serve as sensors for OXT in the blood and CSF.
Adult Oxtr Ϫ/Ϫ males showed elevated aggressive behavior (Takayanagi et al., 2005) . The neural network for aggressive behavior includes the MPA, LS, AH, VMH, PAG, MeA, CoA, and BST (Kollack-Walker and Newman, 1995; Nelson and Trainor, 2007) . Among them, the LS has been shown to be activated during fighting (Nelson and Trainor, 2007) and to suppress aggressive behaviors (Siegel and Edinger, 1983) . The LS sends GABAergic projection to target neurons in the basal ganglia, hypothalamic areas, and lower brainstem (Sheehan et al., 2004) . The LS receives OXT projections from the hypothalamus (Gimpl and Fahrenholz, 2001) . In the present study, Venus was colocalized in GABA-positive cells in the LS. It is thus interesting to speculate that OXT inhibits aggressive behavior via activation of GABAergic neurons in the LS. However, Venus-positive cells were found to exist in all the above areas, and thus multiple brain regions may be involved in the regulation of aggressive behavior by OXT.
The monoamines dopamine, noradrenaline, and serotonin play important roles in the regulation of social and emotional behavior Miczek et al., 2002; Nelson and Trainor, 2007) . In our study, Venus-positive cells expressed TH immunoreactivity in the PAG, which plays a pivotal role in emotional behaviors, such as ultrasonic vocalization (Graeff et al., 1993; Hofer, 1996) . Both dopaminergic and oxytocinergic transmissions influence ultrasonic vocalization (Missale et al., 1998; Takayanagi et al., 2005) . It may be possible that these OXTR-expressing dopaminergic cells in the PAG are involved in ultrasonic vocalization. Venus was not detected in dopaminergic neurons in the VTA, which constitutes the mesolimbic dopamine pathway.
Oxtr Ϫ/Ϫ mice, like OXT-deficient mice, display social amnesia (Takayanagi et al., 2005) . In OXT-deficient mice, injections of OXT into the MeA effectively restored social recognition (Ferguson et al., 2001 ). In addition, blockade of OXTR signaling in the MeA by local application of an OXTR antagonist (Ferguson et al., 2001) or antisense oligodeoxynucleotides targeted to Oxtr mRNA (Choleris et al., 2007) impairs social recognition. These data indicate that OXTR activation in the MeA is essential for social recognition. However, detailed mechanisms by which OXTR in the MeA facilitates social behavior remain to be clarified. There were relatively few Venus-expressing neurons in the MeA, suggesting that the high density of OXTR binding in this region may originate mainly from presynaptic terminals. The MeA receives projections from several areas including the DR, PAG, and NTS (Aggleton, 2001 ), which contain high or medium density of Venus expression cells.
The OXTR-Venus knock-in mouse provides a valuable tool for discovering novel functions of the OXTR within neural circuits regulating behavior. Venus fluorescence is visible in living brain slices and it is thus possible to identify OXTR-expressing cells in these mice, suggesting that Oxtr Venus ⌬ Neo/ϩ mice are suit- able for characterization of electrophysiological properties in living OXTR-expressing cells.
Centrally administered OXT at a dose of 10 g produces anxiolytic effects and these effects are blocked by an OXTR antagonist (Ring et al., 2006) , suggesting that OXT acts on OXTR to induce the anxiolytic action. Consistent with the data, 10 g of OXT decreased anxiety-related behavior in the present study. It should be noted that the dose of OXT used in this study was relatively high. However, numerous studies have demonstrated that endogenous OXT has anxiolytic actions. Administration of OXTR antagonists increase anxiety-related behavior in pregnant, lactating (Neumann et al., 2000) , or mating animals (Waldherr and Neumann, 2007) , and OXT-deficient female mice display enhanced anxiety-related behavior (Mantella et al., 2003) .
Previous studies have shown that functions of OXT neurons are modulated by serotoninergic neurons. Central administration of serotonin receptor agonists stimulates oxytocin release from the pituitary (Jørgensen et al., 2003; de Jong et al., 2007; Thompson et al., 2007) . Oxytocin neurons in the hypothalamus receive projection fibers containing serotonin transporters (Emiliano et al., 2007) . Application of oxytocin in conjunction with 5-HT 2 receptor agonists induces bursting activity in spinal cord neurons (Pearson et al., 2003) . However, no studies have demonstrated an effect of oxytocin on the serotonergic system. In the present study, examination of Oxtr Venus ⌬ Neo/ϩ mice revealed novel functional relationships between the OXT and serotonin systems. The majority of serotoninergic neurons in the MnR expressed Venus, and therefore presumably express OXTR. Local application of OXT facilitated serotonin release within the MnR. Furthermore, we found that activation of the OXT-serotonin system has anxiolytic effects that are blocked by 5-HT 2A/2C receptor antagonists, consistent with previous reports showing anxiolytic actions of 5-HT 2A/2C receptors (Sánchez, 1995) . Together, these data suggest that the OXT-serotonin pathway plays an important role in modulating anxiety. The serotonin system has been implicated in the neuropathology of depression, and current antidepressant drugs block the serotonin transporter, resulting in increased extracellular serotonin (Kent, 2000) . There is some evidence of altered oxytocin systems in depression (Marazziti and Catena Dell'osso, 2008) . Thus, we would predict that enhancing central OXTR neurotransmission would not only decrease anxiety, but may also have antidepressant effects through stimulating serotonin neurotransmission.
There is also evidence that the serotonin system plays a critical role in regulating maternal nurturing behavior. Pet-1-deficient mice, in which 5-HT synthesis is greatly reduced, have been reported to have severely reduced pup survival. Pup mortality in these mice is apparently attributable to a reduction in maternal nurturing behavior rather than a disruption in lactation abilities because pups are found to have milk in their stomach (LerchHaner et al., 2008) . In addition, Pet-1-deficient male mice show enhanced aggressive behavior in a resident-intruder test (Hendricks et al., 2003) . Because Oxtr Ϫ/Ϫ mice display a similar disruption in maternal responsiveness and increased aggression (Takayanagi et al., 2005) , it is tempting to speculate that oxytocinergic regulation of the serotonin system through OXTR in the raphe plays an essential role in maternal responsiveness and aggressive behavior. Both OXT and serotonin play an important role in neural development (Whitaker-Azmitia, 2001; Gross et al., 2002; Carter, 2003; Gingrich et al., 2003) . Perinatal injections of OXT in prairie voles have an impact on behavior in adulthood (Kramer et al., 2003) . In the present study, serotoninergic neurons expressed OXTR in embryonic brain. Our previous report suggests that embryonic exposure to OXT affects the development of aggressive behavior. It is thus tempting to speculate that OXT controls neural development via modulation of serotoninergic neurons.
Several human studies have implicated serotonin and OXT in the pathophysiology and genetics of autism (Green et al., 2001; Whitaker-Azmitia, 2001; Cho et al., 2007; Lerer et al., 2008) . Animal studies have also demonstrated that mice deficient in serotonin receptors, the serotonin transporter, or OXTR exhibit pervasive social deficits (Brunner et al., 1999; Holmes et al., 2002; Miczek et al., 2002; Takayanagi et al., 2005) . It is thus possible that OXT modulates not only anxiety-related behavior but also social behavior via serotoninergic transmission. These observations may provide new insights into psychiatric disorders associated with disruptions in social and emotional behavior, including autism, anxiety disorders, and depression. (Fig. 8 A) . Furthermore, anxiolytic effect of OXT was blocked by a 5-HT 2A/2C receptor antagonist. Rit, Ritanserin; VEH, vehicle. Error bars indicate SEM.
